Abstract: Honeycomb sandwich panels entice continuously enhanced attention due to its excellent mechanical properties and multi-functional applications. However, the principal problem of sandwich panels is failure by face/core debond. Novel lightweight sandwich panels with hybrid core made of honeycomb, foam and throughthickness pin was developed. Reinforcing polyester pins between faces and core is an effectual way to strengthen the core and enhance the interfacial strength between the face/core to improve the structural performance of sandwich panels. To provide feasibility for pin reinforcement, honeycomb core was pre-filled with foam. Mechanical properties enhancement due to polyester pinning were investigated experimentally under flatwise compression, edgewise compression and flexural test. The experimental investigations were carried out for both "foam filled honeycomb sandwich panels" (FHS) and "polyester pin-reinforced foam filled honeycomb sandwich panels" (PFHS). The results show that polyester pin reinforcement in foam filled honeycomb sandwich panel enhanced the flatwise, edgewise compression and flexural properties considerably. Moreover, increasing the pin diameter has a larger effect on the flexural rigidity of PFHS panels. PFHS panels have inconsequential increase in weight but appreciably improved their structural performance.
Introduction
Composite sandwich panels of fibre reinforced plastic face sheets and aluminium honeycomb cores have been widely used in numerous applications such as civil construction, marine, automobile and shipbuilding due to their high specific stiffness and strength, low weight and excellent energy absorbing capacity [1, 2] . It also possesses excellent crash worthiness, thermal insulation and acoustic damping. The major function of face sheet is to protect the honeycomb core from different mechanical loading. Under bending load, the face sheets carry in-plane load, while the core helps to resist shear load [3] .
Several studies have been carried out on the failure behaviour and damage characteristics of honeycomb sandwich panels under compression, flexural, indentation and low-velocity impact [4] [5] [6] [7] . The damage loads and the following damage modes are closely related to the material characteristics, structural configuration, load distribution and face-core interface bonding [8] . The influence of cell size, core density, core material, thickness and material of face sheet on the mechanical properties of honeycomb sandwich structures was studied [9] [10] [11] [12] [13] . Daniel et al. [14] investigated the failure modes and conditions for their occurrence in sandwich panels and found that the overall performance of sandwich structures depends on properties of face sheets, core and also interfacial bonding between face/core. Investigations regarding the failure mechanism of honeycomb sandwich panels under flexural and compression tests results in cell wall buckling, debonding of face-core and crushing [15] [16] [17] . Othman and Barton [18] studied the failure initiation and propagation of the honeycomb sandwich panels under static and dynamic impact loads. They presented the stages of failure; it includes top face sheet failure, followed by core crushing and bottom face sheet failure. Also, impact condition induces the chance of face-core debonding. Apart from those experimental investigations of honeycomb sandwich panels, the failure characteristics were studied numerically and theoretically [19] [20] [21] [22] . From the above literature, it is evident that strong interface bonding between the face sheets and core is vital for the structural integrity and performance of the sandwich panels.
Various methodologies have been reported to enhance interfacial bonding between the face and core of sandwich structures. The most common method comprises Z-pinning [23] and stitching [24] , which refers to sewing the face skin and core mutually by Z-directional or through-thickness reinforcements. This method improves the bonding between face and core and in addition strengthens the core [25] . It was proven that the out of plane compressive properties of sandwich panel increased by more than 100% [26] . Abdi et al. [27] investigated the mechanical behaviour of polymer pins reinforced foam core sandwich panel. They reported that reinforcing foam with polymer pins increases compression and flexural properties considerably. Blok et al. [28] compared the in-plane compression response of sandwich panels with different cores and face sheets and reported that considerable enhancement was obtained for through-thickness stitched sandwich panels. Han et al. [29] studied the effect of through-thickness reinforcement on the low-velocity impact response of foam core sandwich panel and reported that the incorporated reinforcement increased the energy absorption capacity and arrested the delamination growth, thus reducing the damage area. Tufting of sandwich panel face and core improved the in-plane compression strength; the tuft counteracts the face sheets failure mode of peeling [30] .
Since the core of honeycomb sandwich panel is hollow metal, general through-thickness interfacial toughening methodologies are not appropriate. To make the through-thickness interfacial toughening methods appropriate, the honeycomb core is filled with foam. Besides, foam filling prevents premature bending, buckling and shear failure of honeycomb cell walls [31] . In contrast to the unfilled honeycomb cores, the foam filled core exhibits improved resistance to the interface debonding and delamination, damping properties and specifically its bending stiffness [32] . The interface strength between the face sheets and core will be enhanced by incorporating two auxiliary materials in the core of honeycomb sandwich panels, i.e. by filling the honeycomb core with foam and then reinforcing foam with circular polyester pins mutually connecting the top and bottom face sheets of the panel.
The objective of this investigation is to study the influence of polyester pin addition in foam filled honeycomb sandwich panels (PFHS). Two distinct diameters of pins 2 and 3 mm were used to reinforce foam filled honeycomb core, and their effects were also studied on mechanical characteristics including debonding.
Materials and methods

Materials and manufacturing
Honeycomb core with cell size 6.3 mm, wall thickness 0.068 mm and height 10 mm made of aluminium alloy 3003 obtained from Honeycomb India Private Limited, Bangalore, Karnataka, India, was used as the core material in this study. The sandwich faces were made of two layers of plain weave glass fabric with areal density 600 g/m 2 and polyester resin. Methyl ethyl ketone peroxide as hardener and cobalt naphthenate as accelerator were used. For filling the honeycomb core, polyurethane foam of apparent density 52 kg/m 3 was used. Both the polyester and the polyurethane foam were supplied by Ayiswarya Polymers, Coimbatore, TamilNadu, India. The foam density was determined in accordance with ASTM D-1622. To fill honeycomb cells with foam, a die with required dimensions was prepared. The foam in solution state was poured into the die, and the honeycomb was set on it instantly with a small space from the die bottom. At the end of solidification, the foam fills the honeycomb cells [33] .
Both FHS and PFHS panels were prepared by vacuum infusion method. Figure 1 shows the schematic showing the difference in fabrication of FHS and PFHS panels by vacuum infusion process. In this method a glass plate was employed at the base as holder and then coated on the mold surface with a releasing agent. The dry glass fibre is placed on both sides of the foam filled honeycomb core and placed on the glass holder, and then covered with peel ply. Then the laminate was closed by vacuum bagging film and sealant tape. To confirm that the resin could flow uniformly, a delivery pipe was fixed at the inlet. Once infusing the resin, the system was cured at room temperature at a vacuum level of 0.6 bar for 24 h to prevent the introduction of air prematurely [34] .
The schematic representation of PFHS panel is shown in Figure 2 . It also depicts the alternative (W) and adjacent (L) arrangements of pins in the foam filled honeycomb structure for which the enlarged view is given in Figure 3 for PFHS panels. For the manufacturing of cylindrical pins in PFHS panels, the foam filled honeycomb core was drilled in the foam areas of hexagonal cells to make cylindrical holes by using a Computer Numerical Control machine, so that the polyester resin would flow into these holes to form the solid cylindrical pins after curing. Figure 4 shows the actual fabrication of PFHS panels. The purpose of polyester pins is to increase the interface strength, thereby increasing the resistance of the face sheets and foam filled honey-comb core from debonding and delamination. The pins are made of the polyester matrix that is used in the face sheets. As the manufacturing takes place together, the face sheets, foam filled honeycomb core and polyester pins are built in to form a single inclusive solid structure.
Experimental tests of face sheet and foam filled honeycomb core
The face sheet was tested for tensile and three-point bending at a constant loading rate of 1 mm/min as per ASTM D-638 and ASTM D-790 standards. The flexural test samples were loaded with a recommended span ratio of 16:1. For foam filled honeycomb core, square specimen with sides 50 mm and thickness 10 mm were prepared according to ASTM C-365/365M standard and subjected to compression test at a loading rate of 1 mm/min. The details of samples and tests used to determine the mechanical properties of face sheet and foam filled honeycomb core are listed in Table 1 .
Experimental tests of sandwich panels
Flatwise compression, edgewise compression and flexural tests were carried out using a Kalpak Computerized Universal Testing Machine in accordance with ASTM C-365/365M, ASTM C-364/364M and ASTM C-393/393M standards, respectively. All tests were performed at a constant crosshead displacement rate of 1 mm/min. For flexural test of both FHS and PFHS panels, span length was set at 180 mm.
The core shear ultimate stress values are calculated using Equation (1), which is given in the ASTM C-393/393M standard for both types of sandwich panels based on experimental values.
where P is the maximum force prior to failure, b is the sandwich panel width and d and c represent the thickness of sandwich panel and core, respectively. The face sheet bending stress values are calculated using Equation (2) 2 ( )
where L and t are span length and thickness of face sheet, respectively. Three replicate samples were used for each test to ensure the reproducibility.
To assess the flatwise compression, edgewise compression and flexural performance of the sandwich panels, a total of 9 FHS samples and 18 PFHS samples with two distinct diameters of polyester pin 2 mm and 3 mm were prepared. The details of sandwich panel samples including weight for flatwise compression, edgewise compression and flexural test are listed in Table 2 .
Results and discussion
Mechanical properties of face sheet and foam filled honeycomb core
The determined mechanical properties of the face sheet such as failure stress (σ F ), Young's modulus (E), failure strain (ε F ), Poisson's ratio (υ) and flexural failure stress f F ) (σ are listed in Table 3 . Figures 5 and 6 show the typical stress-strain curves of tensile tests and flexural stressdeflection curve of face sheet. The tensile stress-strain curves of face sheet are linear and decline after reaching a maximum value due to the occurrence of failure. The flexural stress-deflection curves of face sheet are linear in the elastic region. At maximum value, the face sheet delaminates and failure occurs [35] . The determined tensile and flexural strength of the face sheets are 64 MPa and 101 MPa. Figure 7 shows the stress-strain curves of foam filled honeycomb core under compression tests. After load drop, it rises constantly due to the internal resistant forces of foam through the cells which helps to improve the resistance of buckling of cell wall [36] . The compressive strength and modulus of foam filled honeycomb core was found to be 2.07 MPa and 82 MPa, respectively.
Flatwise compression test for FHS and PFHS panels
To study the influence of polyester pin reinforcement on the flatwise compression properties of foam filled honeycomb core of sandwich panel, both FHS panels and PFHS panels with two distinct diameters of polyester pins were tested at constant strain rate of 1 mm/min. Figure 8 shows the load-deflection curves of the sandwich panels subjected to flatwise compression loading. It is observed that the load drops after reaching maximum, and this indicates failure initiation in the panels. In FHS panel, the cause of the initial load drop is the buckling of the honeycomb core cell walls, and in PFHS panels, it is the initiation of cracks in the pins. It can be seen from the flatwise compression response of FHS and PFHS panels that there is a significant improvement in compression properties of PFHS panel when compared to the FHS panel. The failure load of FHS panel is about 8132 N, whereas for PFHS2 and PFHS3 are 13741 N and 17914 N, which are 1.69 and 2.21 times higher than those of FHS panels, respectively. The significant improvement in the compression properties of PFHS panels is due to the reinforced polyester pins which carry maximum applied load, since the compression properties of polyester pins are better than those of the foam filled honeycomb core material alone. This is substantiated in earlier work where epoxy through-thickness pins were incorporated in polyvinyl chloride foam core sandwich panel [37] .
After the initial failure of the FHS panel, its ability to withstand load increases due to the densification of foam filled honeycomb core. The resistance of cell wall buckling is assisted by the foam in the honeycomb structure. In the PFHS panels, load increases due to the densification of the core by crushing of polyester pins and foam filled honeycomb. Figure 9 shows the failed FHS and PFHS specimens under flatwise compression loading. It can be seen that the FHS panel with the "foam filled honeycomb core" was crushed evenly because of decreased local densification of the core [38] , whereas PFHS panel was crushed unevenly due to the presence of reinforcing hard polyester pins. The failure load to weight of PFHS2 and PFHS3 panels are 52% and 88.8% higher than those of the FHS panels. Also, higher initial peak loads were obtained for PFHS panels than for the FHS panels due to the presence of polyester pins. Therefore, "polyester pin reinforcement" in foam filled honeycomb core enhances the flatwise compression properties of sandwich panels appreciably.
Edgewise compression test for FHS and PFHS panels
The edgewise compression response of FHS and PFHS panels with two distinct diameters of polyester pins was studied. Figure 10 shows the load-deflection curves of both FHS and PFHS sandwich panels subjected to edgewise compression loading. For all sandwich panels, the load rises up to the initial failure load; after that the load drops suddenly. Figure 11 illustrates the failures in FHS and PFHS panels.
The FHS sandwich panel failed by the delamination or debonding failure of the face sheet and subsequently buckling as shown in Figure 11A . In comparison, PFHS sandwich panels have not succumbed to delamination or debonding but undergone bending and compressive damage of both face sheet and core together under higher load, which can be observed from Figure 11B . Similar behaviour was already reported for sandwich panels [39] . The pin reinforcement in PFHS panels increased the interfacial strength between the face and core, resulting in improved structural integrity and performance under edgewise compression loading. The initial failure load of FHS panel is about 10,188 N whereas for PFHS2 and PFHS3 are 11,261 N and 13,648 N, respectively. Overall, the improvement is 10.5% and 33.2% for PFHS panels than for FHS panels, respectively. The failure load to weight ratio of PFHS2 and PFHS3 panels are 1.02 and 1.17 times higher than those of FHS panels. Therefore, the edgewise compression properties of PFHS sandwich panels are more impressive than those of FHS panels. 
Flexural test for FHS and PFHS panels
Flexural tests were performed to determine the flexural performance of FHS and PFHS panels with two distinct diameters of polyester pins. Figure 12 shows the loaddeflection responses of sandwich panels subjected to flexural loading.
For both FHS and PFHS panels, the load increases until the initial failure load; after that the load drops abruptly. From Figure 12 it can be seen that, by reinforcing the foam filled honeycomb core with polyester pin of 2 mm and 3 mm diameter, the improvement in failure load was 41.8% and 66.1%, for PFHS2 and PFHS3 panels, corresponding to FHS panel. In contrast with FHS panel, the deflection at failure load increased by 18.2% and 25.5%, correspondingly for PFHS2 and PFHS3 panels.
The experimental results of flexural tests are listed in Table 4 . The assessment of flexural properties of PFHS2 and PFFS3 panels shows that the pin diameter has a major effect on the enhancement of strengths and stiffness. The initial failure load and its deflection of PFHS3 panel is 17.1% and 7.8% higher than those of PFHS2 panel in that order. Likewise, the core shear stresses of PFHS2 and PFHS3 panels are higher by 44.6% and 67% than those of FHS panel, respectively.
From Table 4 , it is observed that, for PFHS2 and PFHS3 panels, the flexural rigidity has improved to 19% and 27%, respectively, over the FHS panels. In terms of weight, the failure load of PFHS2 and PFHS3 panels are enhanced by 29.2% and 43.6% than those of FHS panels. The face sheet bending stresses of PFHS2 and PFHS3 panels are 1.41 and 1.66 times higher than those of FHS panel, respectively. The significant increase in core shear and face sheet bending property is due to the strong interface bonding between face/core provided by the pin reinforcement in addition to the foam filled honeycomb core. Figure 13 shows the failure mechanisms of sandwich panels under flexural loading. It can be seen from Figure 13A , in FHS panel, that the failure takes place only in the upper face sheet. The failure mode is indentation over the loading line which is a main failure mode in circumstances of highly localized external loads, such as point or line loads. Also, the core crushed beneath the loading line, and no failure is observed in the bottom face sheet as shown in Figure 13B .
The failure mode and location for PFHS panels differs from the FHS panels. Owing to the strong interface bonding between the face sheet and core through polyester pins, the applied maximum load is passed to the lower face sheet via the polyester pins and honeycomb core. In PFHS panels, at maximum load the failure initiates through the breaking of pin near to the loading point and passes towards support fixtures as shown in Figure 13C . Also, failure occurs only in the core as a result of tough bridging between faces and core through the incorporated through-thickness reinforcement [40] , and no visual damage is viewed in the face sheets as shown in Figure  13D . At last, failure takes place at different interface between core and face sheets in PFHS panels, but at much higher load than FHS panels.
Conclusions
The polyester pin reinforcement in foam filled honeycomb core sandwich panel enhanced the flatwise, edgewise compression and flexural properties considerably. The low initial peak load of honeycomb based sandwich panel under compression loading drawback is overcome by this pin reinforcement. The pin reinforcement effect is more reflected in the case of flatwise compression properties of PFHS panels. Also, increasing the pin diameter results in improved properties of PFHS3 panels than those of PFHS2 panels. In contrast to the low load bearing capacity of FHS panels under flatwise, edgewise and flexural loading configuration, the polyester pinned PFHS2 and PFHS3 panels have better properties with the latter more pronounced than the former. The work clearly reveals that, only with a slight increase in weight, the resulting structural performance of PFHS sandwich panel is appreciably better than that of FHS panels, which presents itself as a potential material for high performance structural applications. 
